Prolonged cold exposure stimulates the recruitment of beige adipocytes within white adipose tissue. Beige adipocytes depend on mitochondrial oxidative phosphorylation to drive thermogenesis. The transcriptional mechanisms that promote remodeling in adipose tissue are not well understood. Here we demonstrate that the transcriptional coregulator TLE3 is induced with aging and inhibits mitochondrial gene expression in beige adipocytes. Conditional deletion of TLE3 in adipocytes prevents age-and diet-induced weight gain by promoting mitochondrial oxidative metabolism and increasing energy expenditure, thereby improving glucose control.
Introduction
Subcutaneous white adipose tissue undergoes substantial remodeling in response to nutrient availability and changes in ambient temperature. Cold exposure promotes the recruitment of thermogenic adipocytes-a long-term adaptive mechanism that facilitates thermogenesis (1) . Two distinct subtypes of thermogenic adipocytes have been found in mammals: brown and beige (2, 3) . Many similarities exist between the two subtypes, including the presence of small, multilocular lipid droplets, and the characteristic expression of the mitochondrial uncoupling protein 1 (UCP1) (4, 5) . UCP1 transports protons across the inner mitochondrial membrane without utilizing this potential energy for ATP synthesis (6) , causing the chemical energy of substrates consumed by the cell in the TCA cycle to be released as heat (7) . Beige adipocytes are also capable of generating heat through a futile creatine kinase cycle (8) . Interest in brown adipose tissue (BAT) was catalyzed in the early 2000s, when advancements in positron-emission tomography (PET) scanning demonstrated the presence of BAT in adult humans (9) (10) (11) (12) .
Despite their functional similarities, beige adipocytes arise from a separate lineage from brown adipocytes and are distinctively located as clusters of cells within white adipose tissue (WAT) depots (3, 13, 14) . Not all white adipose tissue is prone to acquire beige adipocytes: subcutaneous depots such as the inguinal white adipose tissue (iWAT) recruit beige adipocytes in response to long-term cold exposure or after stimulation β3-adrenergic receptor agonists (15) , while much of the visceral adipose tissue, such as the epididymal WAT (eWAT) is resistant to beiging. There is also evidence that as mice age, the conversion of beige adipocytes within white adipose tissue becomes impaired, although the underlying mechanisms are unknown (16) .
There has been considerable dispute over the identity of thermogenic tissue in adult humans, but mounting evidence points to the existence of BAT (17) , as well as populations of cells bearing markers of beige adipocytes (3, 18) . Pathological conditions such as pheochromocytoma that lead to excess catecholamine production are associated with a greater abundance of beige adipocytes that is thought to promote a hypermetabolic state (19, 20) . Since 6 mice to appear more like white adipose tissue, with larger lipid droplets and higher levels of WATselective transcripts (34) . During preadipocyte differentiation TLE3 activates PPARg to promote differentiation of all adipocyte subtypes, and to sustain the lipid-storage transcriptional program after differentiation. TLE3 is expressed in all adipocytes, but its expression is highest in WAT when compared to BAT.
Here we report that conditional deletion of TLE3 in adipocytes promotes the recruitment of beige adipocytes, increases energy expenditure, and leads to improved glucose metabolism and insulin sensitivity. Analysis of genome-wide occupancy of TLE3 in adipocytes suggests a direct role for this cofactor in regulating the nuclear-encoded mitochondrial gene expression program. Moreover, TLE3 binds to genomic regions that also associate with EBF transcription factors. We define a functional interaction between TLE3 and EBF2 in which TLE3 attenuates the EBF2-driven transcriptional program. Our findings outline a transcriptional mechanism that governs mitochondrial gene expression and the age-dependent programing of beige adipocytes.
Results

Conditional Deletion of TLE3 in Adipocytes Promotes a Beige Transcriptional Program.
To test the impact of TLE3 on whole body energy metabolism, we generated mice with a conditional deletion of TLE3 in adipocytes. We acclimated the Tle3 F/F Adiponectin-Cre (Adipo-TLE3 KO) mice and their littermate controls, aged 3-4 months, to one of two temperature conditionsthermoneutrality (30°C) or cold exposure (4°C)-for 7 days. At the conclusion of the study, the iWAT, eWAT, and BAT depots were fixed, sectioned, and stained with Hematoxylin and Eosin (H&E). Under thermoneutral conditions, we observed no differences in adipose histology between control and Adipo-TLE3 KO mice ( Figure 1A , top panel). However, when the mice were subjected to cold exposure, both groups had reduced lipid droplet size in iWAT, but strikingly, 
. These changes were specific to iWAT, as no changes in gene expression were observed between control and Adipo-TLE3 KO mice in the eWAT or BAT depots ( Figure S1B ).
The greater recruitment of beige adipocytes was further verified by the finding of increased UCP1 protein in iWAT of Adipo-TLE3 KO mice ( Figure 1C) . As beige adipocytes are rich in mitochondria, we also measured mitochondrial content by blotting for proteins from each of the electron transport chain complexes. The iWAT from Adipo-TLE3 KO mice expressed more protein from each subunit, with marked increases in the cytochrome oxidase, complex IV ( Figure 1D ).
Loss of TLE3 in Adipocytes Increases
Whole-Body Energy Expenditure. We next proceeded to monitor the animal during cold exposure and we observed greater weight loss over time in the Adipo-TLE3 KO group, compared to the controls ( Figure 1E ). To assess whether these changes in body weight were due to decreased food consumption or increased energy expenditure, we placed age-matched mice in metabolic cages at 4°C for a three-day period. We observed no differences in body weight or body composition between the two groups prior to cold exposure ( Figure S1C ). Adipo-TLE3 KO mice also showed an increase in energy expenditure in both day and night when compared to the control group ( Figure 1F) . Measurements of O2 consumption and CO2 production ( Figure S1D ) revealed a modest but consistent increase in the cold. During this period we did not find measurable differences in food consumption or activity ( Figure S1E ).
TLE3 Regulates Glucose Utilization and Insulin Sensitivity.
We next assessed whether having more beige adipocytes in the setting of TLE3 deletion promoted glucose utilization. As increased beige and brown adipose tissue have previously been linked to improvements in glucose handling (35, 36) we asked whether the Adipo-TLE3 KO mice had improved glucose clearance. We performed glucose tolerance tests (GTTs) on Adipo-TLE3 KO and control mice that had been acclimated to thermoneutrality for one week, followed by 4 days of cold exposure and a second GTT. No differences were observed in the glucose excursion curves at 30°C. As expected, both groups demonstrated improvements after cold acclimation (Figure 2A ), but the change was greatest in the Adipo-TLE3 KO group ( Figure 2B ). We performed an insulin tolerance test (ITT) following the same procedure, and while the change to the control group was modest, insulin sensitivity of Adipo-TLE3 KO mice was improved following cold exposure (Figure 2C-D) .
No differences were observed in plasma insulin levels between the two groups after cold exposure ( Figure S2A ). Because our metabolic phenotyping involved acclimation to 4°C (a temperature that triggers shivering), we recognized that glucose clearance into muscle could contribute to these effects. Thus, to control for shivering-induced glucose clearance, we performed a dosing regimen for both control and Adipo-TLE3 KO groups with a β3-adrenergic receptor agonist, CL-316,243, at 1 mg/kg/day for 3 days to stimulate the thermogenic gene program in adipose tissue.
We found that following CL-316,243 administration, the fasting blood glucose levels had greater improvements in the Adipo-TLE3 KO mice than the control group ( Figure 2E ).
Under these conditions, beige adipocytes represent a small fraction of the total adipocyte content of the body. This led us to ask whether beige adipocytes were abundant enough to account for these changes in glucose handling. We observed increases in the expression of Glut1
and Glut4 transporters in the iWAT depot of Adipo-TLE3 KO mice, but not in the BAT or eWAT ( Figure S2B ), but this only indicates the tissue is poised to augment glucose clearance. To directly test the contribution of beige adipocyte to the phenotype of Adipo-TLE3 KO mice, we performed in vivo glucose uptake assays with uniformly-labelled 14 C-2-deoxyglucose in mice housed at 4°C for 4 days. Thirty minutes following radiolabeled glucose administration, the animals were euthanized, tissues were excised, and the radioactive content of each tissue measured. Glucose uptake in TLE3-deficient iWAT was increased three-fold compared to controls, while only modest, nonsignificant increases were found in BAT and eWAT ( Figure 2F ).
These data suggest that the changes in whole-body glucose handling observed in the Adipo-TLE3 KO mice are primarily driven by uptake into beige adipose tissue, and that increased beige adipose tissue alone is capable of regulating system glucose metabolism.
TLE3 Intrinsically Regulates the Thermogenesis and Glucose Clearance in Beige
Adipocytes. Beige adipocytes rely on both intrinsic regulation and systemic signaling to control their recruitment. To ascertain whether the phenotypic changes we were observing in vivo were due to alterations in TLE3-dependent gene transcription, we utilized immortalized TLE3 F/F iWAT preadipocytes with a tamoxifen-inducible Cre (pMSCV2-CreERT2). Because TLE3 is known to be involved with early adipocyte differentiation, we chose to knockout TLE3 four days after the differentiation cocktail was administered (33) . To ensure that the differentiation potential was not affected by knocking out TLE3 at this timepoint, we stained for lipids using both Oil Red O and BODIPY and found similar lipid accumulation in TLE3-knockout cells when compared to controls ( Figure 3A) . In this in vitro system, the loss of TLE3 led to increased UCP1 protein but no change in PPARg protein levels ( Figure 3B) . Further, these protein changes were accompanied by increases in other thermogenesis-associated gene transcripts, such as Cidea, Dio2, Ppargc1a, Cox7a1, and Ucp1, while no changes were observed in transcript levels of adipocyte differentiation markers such as aP2 ( Figure 3C ). Similar to our in vivo findings, we found increased expression of the Glut4 glucose transporter in the TLE3-knockout cells ( Figure S3A ).
There was, however, no observable change in the thermogenesis genes due to tamoxifen administration in the empty vector (pMSCV2) cells ( Figure S3B ).
Having established an in vitro model for the beige adipocyte recruitment we observed in vivo, we next performed in vitro glucose uptake with uniformly-labelled 14 C-2-deoxyglucose to determine whether the glucose clearance observed previously was due to intrinsic changes or whether TLE3-deficient iWAT was responding to systemic signaling. Upon the administration of tamoxifen to CreERT2-expressing cells, the loss of TLE3 causes approximately a 4-fold increase in glucose uptake, while no change was observed pMSCV2 cells treated with 4-OH-tamoxifen ( Figure 3D ). We also observed that the loss of TLE3 led to increases in oxygen consumption during basal respiratory conditions, isolated proton leak and ATP-production ( Figure 3E ), demonstrating a rise in energy utilization in beige adipocytes lacking TLE3.
TLE3 Promotes Diet-and Age-induced Weight Gain and Glucose
Intolerance. We appreciate that 4°C cold exposure represents a severe thermogenic stimulus, and we wanted to understand whether the loss of adipose TLE3 could affect systemic metabolism in the absence of a cold stimulus. Therefore, the Adipo-TLE3 KO mice and their littermate controls were placed on a high-fat diet (HFD, 60% fat; 5.2 kcal/g) for a period of 14 weeks and housed at ambient temperature (22-24°C). We monitored body weight weekly and found that the Adipo-TLE3 KO mice showed a degree of protection against weight gain ( Figure 4A ). Analysis of body composition revealed that the control group had higher body fat beginning after 6 weeks on HFD, and the difference was maintained until the end of the study ( Figure 4B ). To test if loss of TLE3 in this setting was also associated with improved glucose clearance, we performed a GTT. We observed elevated fasting glucose levels in both groups, but the Adipo-TLE3 KO mice showed enhanced glucose excursion ( Figure 4C ). An ITT showed similar insulin resistance between both groups, although the Adipo-TLE3 KO mice trended toward lower glucose levels ( Figure S4A ).
Histology indicated that the Adipo-TLE3 KO mice also had more beige adipocytes than the control group on HFD ( Figure S4B ).
We hypothesized that the improvements observed on HFD were due to the promotion of thermogenesis caused by the loss of TLE3. If true, this phenomenon should also be in play in
Adipo-TLE3 KO mice on chow diet, but the phenotypic consequences might only become apparent after an extended period of time. Accordingly, we placed Adipo-TLE3 KO mice and their littermate controls on a normal chow diet (7% fat; 3.1 kcal/g), housed them at room temperature, and allowed them to age to 7 months. Consistent with our previous observations, at 3 months of age there were no observable differences in body weight, fat mass, or body fat percentage between the two groups ( Figure S1C ). However, when the control group experienced ageinduced weight gain, the Adipo-TLE3 KO mice were protected ( Figure 4D) . Notably, at the time of sacrifice, both the iWAT and eWAT fat pads of the Adipo-TLE3 KO mice weighed significantly less than those of the control group ( Figure 4E ). Both eWAT and iWAT showed reduced adipose tissue size in Adipo-TLE3 KO mice when compared to controls ( Figure S4C ). We also observed increases in TLE3 expression in the iWAT of wild-type mice with age, which corresponded with a marked decrease in the expression of UCP1 ( Figure 4F ). Together these findings suggest TLE3
contributes to the impairment of age-associated thermogenesis and weight gain.
Genome-wide Analysis Reveals Preferential Association of TLE3 with WAT Genes. TLE3
was initially identified as a transcriptional coactivator of PPARg during early adipocyte differentiation (33) . To develop a broader understanding of TLE3's role in regulating gene expression, we performed genome-wide chromatin-immunoprecipitation in eWAT-, iWAT-, and BAT-derived adipocytes, followed by deep sequencing (ChIP-seq). We found that TLE3 had a greater number of bindings sites in WAT compared to BAT, both in terms of number of binding regions ( Figure 5A ) and binding intensity at each region ( Figure 5B ). These findings are consistent with the previous report of lower TLE3 expression in BAT (34) . Although TLE3 mapped to many common sites within the three adipocyte subtypes, we also identified unique binding sites for each adipocyte subtype ( Figure 5A ).
The genomic distribution of TLE3 mapped principally to distal regions of the mouse genome ( Figure 5C ), an observation that is consistent with the TLE/Groucho family being located primarily at enhancers (37, 38) . There was nearly equal distribution of binding upstream and To characterize the gene program regulated by TLE3, we performed gene ontology analysis using the subset of genes in iWAT that were repressed by TLE3 and had an associated TLE3 site. We found over-representation of genes that encode proteins in metabolic pathways and are involved in energy utilization ( Figure 6C) . Notably, the pathway encompassing heat production by the uncoupling proteins was ranked third highest in significance among those pathways, supporting the notion that TLE3 acts physiologically to repress this program. A heatmap of the changes for all genes included in this pathway is shown ( Figure 6E ). We also performed gene ontology analysis on genes that were enhanced by TLE3 and had an associated TLE3 site. Pathways associated with the extracellular matrix were increased by TLE3, although the statistical significance of this association was lower in comparison to pathways that were downregulated by TLE3 deletion ( Figure 6D ). To understand the mechanisms by which TLE3 modulates the recruitment of beige adipocytes in inguinal white adipocytes, we analyzed TLE3-binding sites that overlap with PPARg.
TLE3 Motif Analysis Predicts
We found that the C/EBP and the EBF motif were enriched at PPARγ sites that are associated with TLE3 ( Figure 7B ). Given the potential cross-talk of these transcription factors, we next analyzed putative target genes of TLE3 in iWAT adipocytes (i.e. genes that were repressed or induced by TLE3 KO and display nearby TLE3 binding) ( Figure S7B) . Interestingly, the EBF motif was present in a higher fraction of TLE3 binding sites near genes that were repressed by TLE3 compared to genes that were enhanced by TLE3 ( Figure 7C ). This was not observed for the C/EBP motif, where we found a similar number of C/EBP motifs in genes stimulated or repressed by TLE3 ( Figure S7C ). Interestingly, some of the transcripts regulated by TLE3 have been reported to be direct targets of EBF2 (28). We therefore analyzed the coincidence of TLE3 and EBF2 binding near genes regulated by TLE3 on a genome-wide level. We compared a ChIP-seq datasets from EBF2 in BAT (30) with the TLE3-binding profile in iWAT and found a greater overlap between TLE3 and EBF2 binding sites near genes that were repressed by TLE3 compared to genes enhanced by TLE3 ( Figure 7D ). The binding intensity of EBF2 was higher in TLE3-binding sites near repressed genes ( Figure 7E ), suggesting that crosstalk between TLE3 and EBF2 primarily occurs near genes directly repressed by TLE3.
To test the functional connection between TLE3 and EBFs, we explored interactions between TLE3 and EBF1, EBF2 and EBF3. Cells were transfected with Flag-TLE3 in the presence or absence of V5-tagged EBF proteins, immunoprecipitated with anti-V5 antibody, and immunoblotted with anti-Flag antibody. We found that TLE3 co-immunoprecipitated with EBF1, EBF2, and EBF3 ( Figure 7F ). Because we observed that TLE3 and EBF2 colocalized near several putative target genes, we sought to investigate how TLE3 influenced the transcriptional activity of EBF2. We utilized the ChIP-seq data of TLE3 and EBF2 (39) to identify a site where both TLE3 and EBF2 colocalized in proximity to the BAT-selective marker, CLDN1 ( Figure 7G ).
293T cells were transfected with a luciferase reporter driven by the 0.5 kb enhancer element upstream of Cldn1 gene. This enhancer element was defined as a DHS site that has overlapping TLE3 and EBF2 occupancy ( Figure S7D ). Beige adipocytes were also transfected with an EBF2 expression vector, TLE3 expression vector, or both. We found that EBF2 activated the Cldn1 reporter and that reporter expression was inhibited to baseline levels when TLE3 was also expressed ( Figure 7H ). These findings demonstrate that TLE3 can counter EBF2 transcriptional activity.
Discussion
Subcutaneous white adipose tissue has a tremendous capacity to change its morphology in response to the cold. Our findings strongly support the contention that promoting an increase in beige adipocyte activity is sufficient to have beneficial effects on systemic glucose metabolism. We found that loss of TLE3 improved glucose metabolism in the setting of cold exposure, but not at thermoneutrality, and that this effect was correlated with the abundance of beige adipocytes. We found differences in histology and gene expression consistent with beige adipocytes between control and TLE3-deficient mice during cold exposure but not thermoneutrality, strongly suggesting that increasing the amount of beige fat alone can lead to improvements in glucose metabolism. When testing to see which tissues were primarily involved in clearing glucose, we found that the inguinal white adipose tissue depots had the greatest increase in glucose uptake. Thus, despite the fact that they represent a small fraction of the total adipocyte population, beige adipocytes can exert marked effects on systemic energy balance.
Our data suggest that the increase in glucose utilization provoked by TLE3 deletion is likely due to increased expression of glucose transporters and genes involved in mitochondrial oxidative phosphorylation. Gene ontology analysis pointed to broad changes in expression in metabolic pathways in the absence of TLE3, including components of the ETC, heat production, fatty acid oxidation, and the TCA cycle. Loss of TLE3 also led to enhanced energy expenditure under conditions where mice had more beige adipocytes. In the cold, mice lacking TLE3 in adipocytes lost more weight, an outcome that was largely attributed to increased energy expenditure. This was also seen in vitro, where beige adipocytes lacking TLE3 had increased basal respiration and uncoupling. When mice were challenged with a HFD, they were protected against diet-induced weight gain even at ambient temperature.
In both rodents and humans, aging can lead to an increase in adiposity, and impaired glucose metabolism (41, 42) . However, there is little known about the mechanisms that drive this age-induced weight gain. We suspect that the loss of beige adipocytes that occurs with aging (16), likely contributes to this weight gain. We found that loss of TLE3 blunted the accumulation of adipose tissue mass in older mice. While adipose mass doubled when control mice were aged in our study, the fat mass in young and aged TLE3-deficient mice was similar. These findings identify TLE3 as a contributor to the age-dependent weight gain seen in rodents.
Although TLE3 has been studied broadly during development, there has heretofore been little known about its genome-wide distribution in adipocytes. By integrating RNA-seq and ChIPseq analysis we identified putative genomic targets of TLE3. Most of these were found in distal genomic regions that were greater than 25kb from the TSS. Given that TLE3 lacks a DNA-binding domain, we performed motif analysis on genomic regions associated with TLE3 and found that C/EBP and EBF motifs were highly associated with TLE3 binding. target genes, and repressed EBF2 transcriptional activity in a reporter assay. Further, we found that genes that are repressed by TLE3 were more likely to contain an EBF motif compared to those that were enhanced by TLE3. There was a high degree of overlap between TLE3-and EBF2-binding sites near genes that were repressed by TLE3, and the TLE3 binding intensity was consistently higher at sites near TLE3-repressed genes. These findings indicate a new mechanism by which TLE3 attenuates the beige adipocyte gene expression program by serving as a molecular brake on EBF2.
In conclusion, we have identified TLE3 as a negative regulator of EBF2 and the beige adipocyte program, whose actions block energy expenditure, glucose utilization, and mitochondrial energetics. Developing therapeutics that target TLE3 may provide opportunities to prevent weight gain associated with diet and aging.
METHODS
Animals.
A conditional knockout allele for Tle3 was generated on a 129/OlaHsd and C57BL/6J background as has been described (34) . TLE3 flox/flox mice were bred for 9 generations to C57BL/6J
background. To obtain age-matched littermates, TLE3 flox/flox mice were bred to TLE3 flox/flox AdipoqCre BAC transgenic mice bred for 9 generations by the Jackson laboratories to C57BL/6J
background. Except where otherwise stated, male mice, age 3-4 months, that expressed the Adipoq-Cre transgene were compared to male littermate controls lacking the Cre transgene.
C57BL/6J mice for aging studies were obtained from the National Institute of Aging, courtesy of the Donato Lab.
Mice were housed at 22-24°C under a 12-hour light/dark cycle with ad libitum access to food and water, except when food was withdrawn for an experiment. Animals were maintained on a Teklad global soy protein-free diet (2920x), except where otherwise noted.
Cell Culture. Preadipocytes isolated from the stromal vascular fraction of inguinal white fat depots were isolated as previously described (43 Gene Expression. Total RNA was isolated using TRIZOL reagents (Cat# 15596018, Thermo Fisher) and reverse transcribed using SS VILO Mastermix (Cat# 11755500, Thermo Fisher). Gene expression of TLE3 was quantified using TAQMAN Universal Master Mix II (Cat# 4440038, Applied Biosystems) and Quant Studio 6 instrument (Applied Biosystems by Invitrogen).
All other transcripts were quantified by real-time qPCR using KAPA SYBR FAST Rox Low (Cat# KK4621, Kapa Biosystems). Primer sequences are shown in Table S1 .
In Vitro Glucose Uptake. TLE3 F/F iWAT preadipocytes were plated in a 12-well plate, allowed to reach confluence, then stimulated to differentiate. After two days, the media was Elmer). Scintillation counts were normalized to total protein concentration.
Dual-Luciferase Reporter Assay. iWAT preadipocytes were plated and differentiated with the differentiation cocktail described above. Four days after differentiation, the cells were trypsinized and plated in a 48-well plate with a seeding density of 20,000 cells/well. After 24 hours, the cells were co-transfected with 50 ng pGL3-firefly luciferase reporter vector (Cat# E1960, Promega) driven by the Cldn1 enhancer element, 1 ng Renilla luciferase vector (Cat# E1960, Promega) and separate expression vectors containing 50 ng GFP, 50 ng Ebf2, and/or 100 ng TLE3. Cells were transfected using Lipofectamine 3000. The next day cells were washed and lysed. 20uL of cell lysate was incubated with the luciferase assay substrate and both firefly and Renilla luciferase activities were measured. Renilla luciferase activity was used as an assay control.
Prolonged Cold Exposure and Thermoneutrality. For cold experiments, male mice, age 3-4 months were put at 2-8°C for 4 days. For thermoneutrality experiments, male mice, age 3-4 months were put at 30°C for one week.
Energy Expenditure. Energy expenditure, foot and water intake, and ambulatory activity were determined by using Comprehensive Lab Animal Monitoring System (CLAMS) (Columbus Instruments). Animals were housed individually within the metabolic cages on a 12-hour light/dark cycle with ad libitum access to food (chow diet) and water. System temperature was set at 4°C
and remained at 4-5°C throughout the run. Energy expenditure was calculated as a function of oxygen consumption and carbon dioxide production in the CLAMS cages. Energy expenditure = (3.815 + 1.232*(VCO2/VO2))*VO2.
Histology. Adipose tissue was fixed in 4% buffered formaldehyde was fixed in 4% buffered formaldehyde and embedded in paraffin. Sections were stained with hematoxylin and eosin using standard protocols.
Glucose and Insulin Tolerance Tests. A glucose tolerance test (GTT) was administered
by fasting mice for 6 hours with free access to water during fasting, and fasting blood glucose levels was measured using a glucometer by tail bleeds. Mice were then given an intraperitoneal injection of glucose (1mg/g). Blood glucose levels were measured in intervals (0, 15, 30, 60, 120 min post injection) to determine how quickly the glucose is cleared from the blood.
An insulin tolerance test (ITT) was administered in a similar manner, but using ChIP-seq libraries were constructed according to the manufacturer's instructions (Illumina) as described in (44).
TLE3 ChIP-seq data analysis. ChIP-seq data sets were mapped to the mm9 genome with STAR (45) set to not map across splice junctions, as previously described (46) , and tag directory generation, peak calling/annotations and motif analyses were performed with HOMER (47). TLE3 binding sites were called using "-style factor" and "-F 10" settings with all other parameters set at default in eWAT-derived, iWAT-derived and BAT-derived adipocytes, and overlapping peaks were merged into one master peak file. Subsequently, TLE3 peaks in each condition were identified as having >15 normalized tags/peak in a 230bp window and 10-fold more tags relative to the input control. For known and de novo motif analyses we used HOMER's findMotifsGenome.pl with default settings in the indicates groups of TLE3 binding sites. For comparison with PPARg and EBF2 binding profiles, datasets were obtained from the Gene Expression Omnibus (GEO) under accession numbers GSE41481 and GSE97116, respectively.
Mapping and peak calling was performed with a similar strategy as for TLE3 ChIP-seq data.
PPARg profiles were divided into binding sites (>25tags/peak and 10-fold more tags than input) F/F Adp-Cre) mice housed at ambient temperature on 60% high fat diet (HFD) for 14 weeks (n = 6-8/group). (B) Body fat composition by NMR in control and Adipo-TLE3 KO groups on 60% HFD over time (n = 6-8/group). (C) Glucose tolerance test (GTT) on control and Adipo-TLE3 KO mice after 14 weeks on 60% HFD (n = 6-7/group). (D) Body fat composition by nuclear magnetic resonance (NMR) in control and Adipo-TLE3 KO groups at 3 months and 7 months of age on chow diet, housed at ambient temperature (n = 6/group). (E) Weight of white fat depots excised from control and Adipo-TLE3 KO mice at 7 months of age on chow diet, housed at ambient temperature (n = 4-7/group). (F) Gene expression TLE3 and UCP1 in iWAT of wild type (C57BL/6) mice at 3, 6, and 12 months of age after 5 hours cold exposure (n = 5/group). Data presented as mean ± SEM. Significance analyzed by two-tailed Student's t-test, *p<0.05, and **p<0.01. Figures  7C and 7D ), or Wilcoxon rank sum test ( Figure 7E ). *p<0.05, **p<0.01, ***p<2.2e-8, ****p<2.2e-16. 
